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HATIONAL AINISORY COMMITTEE F'OR AERONAUTICS

TECHNICAL NOTE NO. 115k

A COMPARISCN OF THE LATERAL MCTIONE CALCULATED
FOR TAILLESS AWD CONVENTIOWAL AIRPLANES

By Charles W. Harver and irtihur L. Jones

SUMMARY

A theoretical analysis of the leteral dynamic motion of tailless and
conventional airplanes was mede for alrplanes of two classes - ighter
and heavy transport. Their reactions to a lateral gust and the control
pover required (in coefficient form) by each for eimple maneuvers were
determined and compared.

It is shown that no pgreat difference should be expectsd beiweon the
lateral motione thet characterize the stability of the two types of air-
planes. The telllese a’rplanes show the greatest dieplucemonts for a
given disturbance and have the loast damping in the oscillatory mode.

It appears unlikely that thesc osclllations can be made as small or as
highly demped as fcr a conventionsl airylane. %t ie ectimated that

some difficulty will be met in satlsfying the recnirement that latoral
oscillations with controls free dawr to ¢ne-half emplitude in 2 cycles.

The two types of airplenes requirs almost identical aileron con-
trol pover to perform a given mancuver. However, thu taillces airplane
required only about one-haif teo orne third cf the directicnal control
power of the conventicnal airplane tc perform & given maneuver. While
this is an advantage insofar as directiopnal control reyuirement is con-
cerned, the low demping Iin yaw which is lerpely respcnsible for this
effoct makes the eirplane extremely susceptible to yawlng disturbances
that are normelly consldered unimportant.

INTRCDUCTION

Acceptable dynamic churacteristics of conventional alrplanes are
obtained partially through certain design criterions which have been
eatabliehed, and partially through a trial-and-error process based on
past experience. This latter process haes been extensively employed to
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choose the lateral characteristice of airplanes because of a lack of pre-
cige flying gualities requirements. In the cass of the tailless air-
plane, however, little experience exists to guide the choice of lstoral
characteristics. This fact was exmphasized dwring tests of a model of a
tailless airplene when it became apparent that only the vaguest evalua-
tion could be made of the suitability of various measured sercdynemic
characteriatics.

It was thought that a theoreticel investIgation of the lateral-
control power roquired and the lateral-dynemic-siablility characteristice
of a conventional and trilless airplare might clarify ths situation to
some extent, A compariscn of the control power required was obtained by
subJjecting the two types of airplanes to certain predetermined maneuvers
through the medium of the dynamic-motion calculations outlined in tils
report under Method. These maneuvers and a gust condition epplied to
these airplanes to reveal their inherent dynamic-stability characteris-
tics are described under Procedurs.

Sufficient wind-tunnel data were at hand to make these calculations
for the tailless a.rplans and for a conventional airplane of comparable
slze and expected perfovmance, Wind-tunnel data were also availabls for
tailless and conventin-~2l airpleanes of the heavy transport class. A
similar analysis wie m2de for these airplanes, It should be emphasized
thet the results of these analyses apply to eirpleanes more or leass typ-
ical of their class, and the results should not be considered as an
absolute measure of the reolative behavior of tailless and conventional
designs.

The stability characteriatics in the form of stability derivatives
were either measured or celculated for the individual airplancs. With
one exception no attempt was made to evaluate the effect of changing
these character:stics, since it was thought that they were typical. The
one exception found neceasary to coneider was the varlation in the yaw-
ing moment which is due to yawing of the tailless airplanes. It can be
shown thet, where vertical fins are mounted on the wings, the yawing
noment, which is due to yawing, varies appreclavly with the angle of
yaw; whereas for a conventionel airplane this effect ie quite small,
Thus 1t might be expected that the motion of a tailless alrplene will
vary between the two extremes of the three cases prevsented, rather than
closely follcwing any one.

PROCEIURE

Four types of lateral motion were comsidered: (1) that following
entrance into a sharp-edged lateral gust with controls fixed, (2) zero
eideslip turns, (3) a 5° change in heading made with the rudder alone,
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and (&) a roll to approximately 90° vank and return, using ailerons
elone. The first two motions were investiguted for all four airplanea
end the last two for the small airplanes only. It wae not expected
that these meneuvers would represent flight conditious exectly, but it
wes belleved that they would show where eppreciable differences oxleted
between the dynemic lateral control and -stebility charscturistics of
tailless arnd conventional airplemes. In each case the airplanec vwas .
considersd to be neer or at hipgh epeed. The altiiudes ussumed were ses
level for the large airplanes and 22,000 feet for the fighterc.

The inherent dynumic cueractoristize of an airplens are shown mogt
clearly by ite reactiun o an outwide disturlance with the controle
fixed. A sharp-edged lateral gust was ccns’dered the most likely form
of outaide dieturbance that would te enccuntered in flight. Ccnseguently,
for each airplane the complete lateral motion wzs ccmnputed for a 10-
seccnd period follewing Ite entrance into e gharp-eiged lateral gust.

It was thought that any diffurences in the control requirements for
each’'type of airplane cculd ts sser tkrougn tue difference in control
coufficients required to make & zero eildeslip turn. Theee coefficlents,
thererore, were computed for each alrplane for turns extenéing over vary-
ing intervals of time but naving equal maximum anglee of bank (30°¢).

The two addltional inveetigations were made on emall airplancs be-
cause 1t was helleved that these wculd show to some oxtent the ease
with vhich sach type cculd be repidly meneuvercd. XFlight experiesnca
has shown that fighter alrplenes unable to make a slirht cuenge in lheed-
ing without extensive control coordinaticn are unsatisfactory. it wes
expected that tke relative amounts of coordination required for the
two types of elrplanes could therefore uve Judred frem the relative

8 of aideslip and roll developed in eack cese. &Similar reasoning
led to the investipeticn of the repid roll maneuver.

COEFFICIENTS AND SYIBCLS

The coefficlents end symbols defined horein are referred to the
syetenm of stability axes in which the X-axis is in the plame of aym-
metry and is parallel to the relative alr stream, the Z-exis le in the
Plane of aymxetry and is perpendicular to the X-axis, and the Y-axis
is perpendicular to the plane of cymmetry. The coefficlente and sym-
bole are defined as follows:

lift\
as

C;, airplane 1ift coefficient (

cl rolling-moment coefficient (——— =




yaving-moment coefficient (M)
. 9Sb
8ide-force coefficient (5_&5;2{2) :

rolling acceleration (m_MEBE)
Ixx
&M)

Yyaving acceleration
Iz

side-force coefficient (i@—e%?-rﬁg)

maes of airplane, slugs

mement of inertla atout X-axis, slug-feet square
mement of 1he:-tia about Z-axis, slug-feet squars

air deneity, slugs per cubic foot
ving span, feet
wing area, square feet

distance from the center of gravity of the airplane to the hinge
line of the vertical tail, feet

offective airplane angle of attack, radians
acceleration due to gravity, feet per second sgquared
the n'® roct of the stability quartic

velocity along X-axls, feet per second

dynamic pressure (-;-puoa) » Dpounds per aqua.re' foot
sideslipping component of velocity, feet per second
rolling veloclty, radiens per second

yawing velocity, radians per second

angle of bank, radians except as otherwise indicated
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angle of sideslip, redlans except as otherwise indicated
angle of yaw, radlans except as otherwise indicated

rete of change of rolling-moment coefficlent with angle of side-
slip (oCy/0B), per degree

rate of change of yawing-mcment coefficient with angle of side-
slip (oC /aa), per degree

rate of change of side force coefficlent with angle of sidesllp
(OCY’ 3B), per depree

rate of change of rolling-mcement coefficient with wing-tip helix

b
angle ( acl/a%g—:,

rate of chenge of yawing moment coefficient with wing-tip helix
n BB
angle (acn/bau
rete of change of rolling-moment coefficient with rb/2U,

rb
( acl/a2u

rate of change of yawing-moment coefficient with rb/zuo
. rb
aC, /O -
( o/ v,

-rate of change of rollipg acceleration with angle of sideslip

rate of change of yawing acceleration with apgle of sideslip
( 180 q8b
bg x 1,,
rate of changa of side-force acoelsration with angle of eideslip
as
(25 %)

rate of char.ge of rolling acceleration with rate of roll

(cl Z:EI,,
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L, rates of change of rolling acceleration with rate of yaw
( b 4sb
lr 2Uo sz

lp rate of cha.nge of yewing acceleration with rate of roll
(Cnp 2Uq Izz

Hr rate of change of yawing acoeleration with rate of yaw

pecee
Cor 21, 220

This section 1s intended as a guide and reference to the methode
used and the data needed in making the dynamic calculations required
for the procedures Just discussed. Since thia typs of calculation is

quite laborious and complicated and is not penerally familiar, the
deteile of these calcnlatione will not be of great interest or concern
to anyone who has not wade or does not contemplete making such calcu-
lations.

The stability derivatives for each airplene were obtelned from
wind-tunnel tests made in the Ames T7- by 10-foot wind tunnel and from
reference 1. For the two taillesc airplenes the three values of Cnr,
which vere due to the verticel tail, were estimated from the results
of oscillation experimente made on a model of a tailless airplane.
The physical properties of the airplane wore obtained frcm the manu-
facturer., These data are presented in teble I. The relative sizee
and forms of the airplanes investigated ure shown in figure 1l.

The method used to compute the motion of the airplane following
a unit acceleration ie outiined in the appendix of this report. The
expressions for the constants required in the cquations of motion
are tabulated in the appendix and their velues for the individual
alrplanes are presented in table 1I.

The method for compounding the effecte of unit disturbances to
obtain the motion resulting from a gust ie presented in reference 2.
The epvroximaticns rade trerein apply equally to this report. For
the conventional airplanesg, account wee taken of the periocd of pene-
tration of the airplane into the gust to account for the delay of the
reactions due to the tail. No delay of any type was ccnsidered for
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the tailless alrplanes. In additicn, the motion of the airplane with re-
spect to the ground was determined as outlined in the appendix.

° In order to find the yawing acceleration regquirad to meke and hold
a 57 change in headinz, the metucd outlined in refererce 3 was followed.
It is »rossible to determine the motion resulting from an irreguler dis-
turbance by using a grephical solutlon of Carson®s intearal wien the
motion resulting from unit disturbence 1s known. In & similar rerrer
it 1s possible to determine the necessary veriation of the irregular
disturbance when the desired motion and the motion resulting frcm unit
diszturbance are known. The neceesary varlaticn of yawlng acceleration
with time was first determined such that the airplene exyperienced a 5°
change in heading in 1} secornds and maintained thie heading theresfter.
The oscillatory tendencies of the airplane were thus reflected in the
required yawing acceleration which cscillated repidly abocut & mesn
value. It was considered unlikely that & pilot would perform a corxe-
sponding control maneuver, and hence the yawing acceleration wes varied
approximately as tne meen of the orclllatory curve previcusly detor-
mined. The airplans was ther free tc osc?llate, the only restricilinus
being that a 5% change in hewding wae reached in 1} seccnds and that at
no time during an oscillation did the eirplane deviate more then 0.5°
from thie heading.

The roll maneuver and the required rclling accelerstions of the
alrplane vere deterriined in & menner similar to that previously; dis-
cusged. The approximetion made in the eguations of equilibrium that
sin ¢ = @ Introducee an 3p1:.reciable error into these results where
® becomes as great s GO . Accordingly, tue displacements computed
for thie manouver should not bte expected to predict clcsely those that
would be measured in flight. It is belleved, hcwever, that thls error
does not invalidate the ccnclusions drawn as to the difference retween
the motions of tailless and conventional eirplanes.

It 1s not necessary to sclve tke equaticns of mection for a unit
disturbance to determine the rolling and ;awing accelurations required
to perform a perfect (zero sideslip) turn. The procedure folluwed was
that outlired in references 4 ard 5 wherein the varistion of the angle
of bank with time is predetermined, zaro sideslip specified, and the
necessary yawing and rolling accelerations computed frem the equation
of quilibrium. For each airplare the maximum engle of bank was held
at 30 and the lergth of time in which the maneuver was completed was
varied. The yawing and rolling acceleraticns required to verform the
maneuver were then reduced to standard NAC~ mcment-coefficient form.

All motiong are represented in terms of displacement. (angles or
distance) rather than rates of digplacem.nt (velocities) for easier
vigsualization.




DISCUSSION

The complete dynanuc‘ laterel motion of an airplane can be ex-
pressed analytically as three modes of the motion which are functions
of the roots of the stability equatiocn.

It is from these roots that the demping and, in one case, the
poriod of these three modee of lateral motion are obteined. A dis-
cusglon of these roots and of thelr eignificance is presented in
this section along with the diecussione of the resulte of the Inves-
iigations of the maneuvers and gust conditionms to which the airplanes
were subjected by mathematical simmlation.

A discuseion of the motions resulting from unit accelerations
applied to the eirplane is also included in this section. These
motions are the baeic variations of the motion of the aiyplane re-
eulting from an external disturbence and can be compounded into the
motion resulting from eny explicit gust or control-surfece deflec-
tionl

Roote of the Stability Equation and Their Significance

For the degroee of freedom coneiderecd herein, the stability
equation is a quintic having, generally, twc real roots, a peir of
conjugete complex roots, and & zero root (indicating no inherent
tendsncy of the airplane to hold a particular compzes heading). One
of the real roots (A;) is smell, correeponds to a slow turning and
banking motion,and cen be negative (epirsl ota®ility) or pouitive
(spiral instabiiity). The other real root (Az) is, at low 1ift coef-
ficients, large end negative and corresponds to a highly damped
rolling motion of the wings relative to the air. The palir of con-
Jugate complex roote correepond to a cambined rolling, yawing, end
eldeslipping oecillatlion ("Dutch roll"). The real part of thie root
ie usually small and cen be negetive (oscillatory convergence) or
poeitive (cecillatory divergence).

The values of the various rocte, the time to increase or de-
creage tho amplitude a given amount, and the period of the oscil-
lations are given for each airplane in table III, 4irrlanes 1, 2
(cases & and b), and 4 (case &) show spiral instability. In no
case ie thie sufficienily pronounced to be considered obJjectionable,
It should be noted that the spiral inetebillity of the taillese alr-
planes occurs because of a low damping in yaw (Cn ) rather than
high directional stability as in the usual case. The resistance to
rolling iB high for each cese considered and hence this motion ies so
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rapidly damped thet it-_me.j bé ignored _affer a f‘ré.ctibn of & second.
The extremely hich deaumping exhibited by airplane 3 is due to a low
moment of inertie in rolhng and neot to differing serodynamic charac-
teristics. . .

The most significant difference beilween the motions of the con-
ventional and tailless airplanes .appeaxrs in the oscillatory motion.

This motion is damped for ail the airplanes dut is much more rapidly
derped for the conventional airplanes.

The period of oscillation of the teilless airplanes ie gbout 50
percent greater than that of ‘the conventicnal eirplanss. It wes
found thet increasing the dsmping (Cn } of the tailless airplans has
1ittle effect on the pericd of the osc*llat‘oms but eppreciabiy in-
creases the damping of this motion., A reguirement for satisfactory
flying qualitics states that the control-free lstersl cscillation
should alvays damp to_one-helf emplitude in 2 cycles. (See reference
6.) With controls fixed, airplene 1 demps to ome-half emplitude in
one-half cycle and airpliane 3 in 1 cycle. It is probable that with
controls free these mirplanes would satisfy the preceding require-
ment. Airplsne 2 requires 2 cycles to dswp to one-helf smplitude
with the lowest value of Op, and one-half cycle with the highest
values of Cpyp. The reduct‘.on in directional stability with controls
free would therefore make the airplans unsetisfactory in this respect
with the lowest and probably with the medium velues of Cp,.. Alr- i
plene b requires L cycles to damp to one-bhalf amplitude with the ;
lowest value Of Cp. end 1“/2 cycles with the highest value of Cnpe :
It is doubtful tha.t- this airplane would meet the preceding rsguire-

ments with the -controls free.

Motion Resulting from Unit Disturbances

The -variations with time of the motions (in roll, yaw, and side-
8lip) resulting frem each of the three possible unit Mteral acceler-
ations are shown in figuwres 2 to 19. These mobions are ‘used in com-
pounding 'E-he other motions investigaued in the dyx:am.f,c~mo1:-on calcu-
lations. Consequently, they ave individuslly significant end revesl
directly interesting chara.cteri_stlcs of the stability of the airplene.
The unit accelerations for the various eirplenes cbrresgond to the
following moment and force coefficienta:

Mrlede | 6 | %W | G
. . }
1 0.0541 ! 0.0870 1 0.0185
2 0332 _.0L3 | 0387 |
3 .0018 { .0057 § .00k1
b 0038 L0041 1T Joo32”
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The veriations in the sigze of the coefficients noted in the preceding
table are due to the variations in mase and memente of inertle of ths
airplanes. It is evident, therefore, that a direct comparison of the
magnitudes of the dleplacemsnts for a given unit acceloration is not
valid. Hcwever, eince the magnitudes of the displacements vary direct-
ly with the magnitudes of the distvrbances, it 1s a cimple matter to
eotimate the various displacements at a constant coefficient for pur-
poases of ccmparison. It should be noted that the displacement scales
used in figures 2 to 19 are not consletont. Each scale was cnosen
such that the variation of the motion could easily be secen and com-
pared between airplaneas. The relative megnitude of the displacemente
resulting from unit accelerations in roll, yaw, and sideslip are shown
in figures 20 to 25 for the conventional airplanes but are typlcal
also of the taillses airplanes.

A discuseion of this motion falle logically in%to two perts, the
transitory and the eventual motions. The firet is governed almost
entirely by the ocecillatory mode and slightly ty the heavily damped
rolling represented by the Ap root. Provided oscillator; convergesnce
exists, the eventuel motlon is governed entirely by the spiral stabil-
ity or instabllity (represented by the A; root).

The longer ocecillatory period and lower oscillatory damping of
the tailllegs airplanee are quite evident from these figures. Thosa
characteristics are most noticesble in the curves shcwing the motion
resulting from a side acceleration and !n sideslipping, but the rel-
ative magnitude of the various mo*ions must be coneidered. ‘“hers
these osciallations are large compered to the over-all motion, it e
apparent that the increase in Cnp oF the taillese sirplans hes a
major effect. UWhere the oscillaticns are emall compared to the over-
all motion, the value of the damping, which is due to yewing, hae &
negligible eifect.

For btoth typee of alrplancs, positive dleplacemertr resualt from
positive accelsraticn with the exceptiocn of Py end f3» 1in which
cages negative displacements result from positive accslerations. In
the case of VI positive acceleraticns cause a momentary negative
displacement,after which the displacement veccmes end remains poeltive.
Thie initiel negative displacement is due to the negative yawing mo-
ment resulting frcm a positivs rolling velocity.

The eventual motion of the various ailrplanes ie wholly indepond-~
ent of type, depending only on the existence or ncnexlstence of epiral
stability. Vith a steady application of positive rolling or yawing
unit acceleratione, the spirelly stable eirplanes rezch a constant
positive angle of bank and sideslip and a constant rate of yawing. A
poeitive unit lateral-foree 'acceleration steadily avplied to a &pi-
rally stable airplane will eventually produce a 'constant negative

FEEIE e UL FENPE ey
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angle of bank and a constant positive angle of yaw but nc sideslip. The
steady application of an; of the positive unit acceleraticms to the spi-
relly unstable airplanes results in constantly increasing positive angles
of bank, yaw, and sideslip. Little value cen be gained through a atudy
of the various magnitudea of these engular disrlacemente since they rap-
idly exceed the limits jmposed by the basic assumptions in the theory of
dynamic calculations.

Motion Resulting from a Sharp-Edged Lateral Gust

The time histories of the angles of bank, yav, and sideslip aboeut
axes fiXed in the airplanes are presented in Figures 26 to 31 for a side-
gust velocity of 10 feet per second. The amplitudes cf the angular de-
flecticns are directly proporticnel 4o the size of the applied disturb-
anne. Corsequeutly, thess results would have the sare charactexristics
but different magnitudes for otker guet velccitiee.

Transitory motion.- In general, the mean angular displacements for
the smell airplenes are ver; amall., Tho oscillatory motlcns though pre-
dominant end rapid are ccavergent. IFor the conventional airplane the
rate of damping is greater than for any case of the tailless.

A comparison of the largs tallless and ccrventicnal airplancs dis-
cloges the seme differences in lateral-stability characteristics as
previously stated. Their periods of oecillation ars frcm three te four
times greater than for tihe small airplanes, but their rates of damping
are plightly less.

Foxr all airplanes the initlal angle of gideslip upon entering the
gust is v/Up positive when the gust is from the right. Consequently,
the angls of zero sideslip of the airplane in ths guet is at -v/Up ae
shown on the B gpcale of figures 28 and 31. The tailless and the con-
venticnal airplanes oscillate in yaw about a heading different from
their original heading by an amount equal to approximately the initial
angle of sideslip of the airplene. .ll oscillations in bank have a
mean value very close oxr egual to zero.

Eventual moticn.- For a gust, as for unit disturbances, the even-
tual motion of the airplsnme investigated is largely a function of the
epiral stability. The stable cases vwill gradually recover to zero
angles of bank and sideslip (with respect to the gust) and will even-
tually return to their original headings. This recovery in heading
takes an infinite length of time, and thie theoretical tendency of the
completely stable alirplane exists no matter how many different disturb-
ances the airplane encounters.
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The spirally unestable airplanes copsidered all turnm to the right
{into the wind) with the exception of the large conventional airplane
vhich turps down-wind. This down-wind turn results frcm the delay of
the vertical-fin yawing reaction which is due to the time required for
the tail of the airplane to penetrate the gust. The direction in which
an unetable alrpiane turns can be shown tc be a function of this tinxe
delay end hence a function of airplane size and forward velcoclty.

Motion with respect to_the ground.- The flight pathe end exgular
displacements of the airplanes witn respect to a set of exes fixed in
the earth are shown in figures 32 and 33 for the first 10 sccends follow-
ing entrance into a 30-foot-per-second lateral gust. Since the ratios of
forward speed to gust veloeity considered are large, the displacements
vary almost directly with gust velocity and the higher guet velccity can
be used to amplify the airplane motion.

Thene sketches of the flight patis give a& visual picture of the re-
eultinz motion and bring cut two points: (1) Spiral instability to the
degree evident in these airplanes is not enough to cause any sericus dif-
ficulty in restoring an airplane to its undisturbed orientaticn when it
encounters a gust, and (2) For both sizes considered, the linear-side
displacements of the tailless airplenes are the smallest due to their
greater oscillations in yaw and sideslip.

Ccordinated Turns

A typical variation of the angle of bank and the resulting rates of
Tolling and yawing for a zero sideslip turn are shown in figure 34. The
control accelerations in rcll and yaw needed to perform this maneuver
have been converted to mement coefficlents and are presented in figures
35 and 36. The following table gives the upproximate changee in headings
of the large and amall airplanes for the various periodes of time used in
performing this mansuver.

|
: Pericd Change in heading
Atrplase . ¢} (deg)

lend2 | 60 12k.5
1 and 2 30 62.3
1end 2 15 31.1
3ana b 15 13.1
3and 4 6.1
3and 4 1.8
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The maximum accelerations required in both rolling and yawing become
larger as the periods grow smaller. For both size and a given period,
the relative magnitudes of the rolling-moment coefficients required are
nearly equal for the two types of airplanes. This effect is reascnable
since aerodynamic characteristics in roll are not greatly affected. by a
tail. :

The yavirg-moment coefficients for the small airplanes are negligi-
ble and have not been presented., For theo large airplenes the yawing-
moment coefficlents presented in figure 36 are also quite small. The
lavge conventional airplane nesds from two to three timee the maximum
Yawing-moment coefficients that the taillless needs with either the maxi-
num or minimum demping in yew considered. Besed on equal control effec-
tiveness, the large conventicnal a’rplane would therefore requirs slight-
ly greater rudder and eileron coordinetion then the large callless air-
plane. The difference in courdinaticn required oif the small airplanes
can be considsred negligible.

It should be ncted that the term "coordination” as used in the pre-
vious paragrarh means the relative amounts of ailercn and rudder deflec-
tion required of the pilot tc meke zero gideslip turns. No consideration
hee been given to the ability of the pilut to make the required control

motions speedil; and precisely. It is entirely possible that if this
fector were considersd e measure oi the coordinsticn requircd, the pre-
ceding conclusions would be redically altered. For 2petance, the cocrdi-
nation required by the smell airplene, when interpreted es the contrel
deflection megnitude, is negligible as prev.ously stated. When inter-
preted as the physical coordination required of tie pilct to perform
precisely these control manipulatiors, the coordinaticn required may be
congidered largc or perhaps imposzible. Further studies are certainly
needed to establish scme norm of physical coordination before final
ccnclusions can bs drawn as to the true handling qualities of these and
other asirplanes.

ince the rolling-mcment ccefficlents required of the two tyres of
airplanes were so similer, the effects of yaw which exe due to the aller-
ong were not investigated. It should be noted, icwever, that the yawing
control required of the tailless airplanes ls so low that an appreciable
amount of favorable yaw which i1s due to the ailercns will require rudder
deflections oppcairg the turn.

The small amount of directional control required of the taillsss
alrplanee points to a poseible unsetiefectcry cheracteristic of this type
of airplane. Givsn & rudder heving ccnventional effectiveness it would
be easgy for & pilot to inadvertently overcontrol and thus initiete and
possibly enforce the large, slightly damped oscillation shown in the mo-
tion resulting from a unit disturbence.
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Rudder Turn

The results of ths rudder-turn calculations for the small airplenes
are presented in figure 37 snowing the yawing accelerstion veriation re-
quired for this mensuver and the resulting angles of yaw, bank, and side-
8liy. As previcuely steted, it was desired to make a 5° chunge of head-
ing in 1} seccnds and to maintain thet beading within balf a degree
thereafter by a smooth variation of the applied yawing acceleraticn. In
two of the three capes investigated these specifications were met, but
for the case of the tailless eirplune witk the least damning in yaw
(Cnyp = -0.005) no smooth yewirg ecceleration could be found that umaln-

tained the change ir heading within half a legree. All the apnlied yaw-
ing ascelerations vary in a similar menner; a pcsitive locy for the first
& seconds and a negative locp tiat has not recrcased the axes by 10 sec-
onds. These accelerations would eventually beccme positive agaln before
dying out.

For the firet 4 seconds of this maneuver the ccnventional airplere
required approximatsly 2.5 times the yawing-mcment coefficient, devel-
oped abcut the seme angle of sideslip and banked slightly further than
the tailless airplane. These 4 sacends would give a fighter, traveling
100 miles per hour fagter than its target, 2% secccnds firing time while
closing in from 200 to 75 yards. To maintain this chenge in heading the
ccrventicnnl  uwlirplene requires a more rapld but coneiderably less sus-
tained control motion. The resulting oscillatory motion as well =8 the
displacements in bank and sideslip vanish much sooner then they de for
the tailless airplane.

Ailleron Roll

The results of the calculaticne made to determine the necessary va-
riations in rolling accelsration and the resultant an&ea of yaw and
sideslip during a roll to 9¢° banx end return to C° are presented in fig-
ure 38. The effects of yaw which ere due to the ailercns have been ig-
nored in these results. It should be remembered that these dlsplacements
exceed the limitations imposed by the theory and hence crly the relative
magnitudes should be considered. Since the results are largely quclita-
tive, the only cage investigated for the taillless alrylane was that cf
the highest value of cdamying wailch is due to yawing.

The varlations with time of the contrel rolling-moment ccefficients
required to complete the maneuver are nearly identical fer the two alr- -
planes. They are of the same form as the correspcnding curves computed
for the coordinated turn maneuver and involve firet e positive and then a
negative control motion of equal magnitude.
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The resultant oscillatory; moticns in yawing and sideslipping ave
emall for bcth eirplanes, but the tailiess again sacws slightly icnger
and leps damped oscillatione. The yaving motion ie delayed until the
maxirum angle of bank is reached afcer which it becomes pcsitive and op-
poges the return to zero bank. The sideslipping motion is pcsitive
throuzhout the majlor portion of the rolling motion, thus oppcsing the
initiel rolling and eidiag in the retumm.

Bince it is unreasonzble not to expect yaw due to ailercus, the ef-
fects of both ad-erae and farorable yew due to ailercns were invesligated.
Yewing acceleintion curves based on yawing-mcment ccefficients equzl to
10 percent of the rolling-moment coefficients are shown for favorable
yaw in figure 35 together with the bvanxing, sewing, snd sideslipzing
displecements they effected. While the rollipz-mcusnt coefficients and
hence the resultant yawing-moment coefriciente wers aimost equal for the
tvo airplanes, the ,awing accelsretion experiearced by the tailless alr-
vlane was Jreatest due to its smellier moment of inertia. This effect,
together with the lower damping :n yaw, resulted ia the taillese sirplene
exhibtiting large and prolorged occillations. Whilc these cecillaticne
also appeared in the motion of the conventional airplans when ,;aw, wialch
was due to the allercns, was considered, they were much less proncunced

ard more highly damped.

The relative magnitudes of the combired motions resulting frem roll
end aileron yaw may be seen by commaring figures 40 ard 41 which shew,
for the tailless and conventiounal airplanes, the angles of sldeelip, yaw,
and roll developed. It apresnrs from these results that tailless desiun
Will require a cereful consideration of the yaw, which is due to the ai-
lerons, if satisfactor, fi;ing qualitles are to be obtained. It is prob-
able that the benef.cial effects usually ssgoclated with favorable yaw,
which is due to the allerons, may pe fcr a tailless design more than
counteracted by the undes;irable resultent oscillatioms.

The curves show that the ywing cnd sideslipping wotione are
respectively pcsitive and negative when faverable yaw 1s present and that
the maximum angle of bank (also the correepcnding rclling velocity) is
increaged by these beneficial effects. Adverse yaw which is due to the
ailerons produces, of ccurse, exactly the onposite results.

CONCLUDING REMARKS

The dynamic lateral motion cf the tailless airplanes ccnsidered does
not differ greatly from that of the conventional airplapes of ccmparable
size. Both types showed oscillatory convergence and, for the various
cases, possessed spiral divergence cr cenvergence in sbout the sume
degree. The tailless airplenes showed tne least damping and greatest
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displacements in the ocscillatory form of the moticn due to any externsl
disturbance. It appears doubtful that thie moticn cen be mada as elight
for a tailless eirplane aa for a conventicnal airplane. It wae estimated
that the criterion for satiefactor; damping of lateral oscillaticne with
controls free (that the amplitude be damped ome -half in Z cyclee) would
be aatisfied by both conventional airplance, and by tlhe large tailieee
eirplane vith the nigh and poesitly with the medium values of Cpp, and

the emall taillese airplane witn tie nighest value of Cpp. The smell

tallless alrplane prcbebly would not satiesfy this criiericn when Cpp
wap reduced.

The reaction of the tailless airplanee to an cuteside disturbance
such as & gust would not ve aprrecicbly different from the reacticm of
a conventional airplane. Therefcre, nc unueual lateral-control reguire-
ments should be encouatered in normsl cteady flight.

Investigevion of the centrol ccefficiente reyuired to ccmplete a
zoro gldeslip twin shewed that litile difference would exist vetween the
rolling coefficiente reguired by a taillees eirrlane end by & cenven-
tional sirplane. Two tc three timee lees directional comtrcl was re-
quired for a taillesg uirplane and it will, therefcre, show to a greuter
extent the effactes of adverse or favorable yaw of the allercns.

The teilless airplane will requise congiderably less directicnal
control and will have elightly difierent motion where a change cf hending
is made with ruider alone. luring the initial period of such & maneuver,
the taillose eirplane will have a definite advantage since ihe ragulred
directicnal cecntrol is cne-half to two-thirds that of the comventicnal
airplane. To ma'ntain the change .n heeding, ncowever, the talllgse alr-
plane will require a ccne.deaably longer reriod of control magipnlaticn
than will the convantioral alrplanse.

Wnen the yaw which is due to the silercra ie neglectesi, the lateral
control required a2nd the reeulting sideelip and yawing develcped during
a rapid rolling maneuver mede with eilerons alcne will ve neerly icdenti-
cal for the two typee of eirplanes. Allercn yew, hcwever, undeslrably
emplifies the oscillations of the taillese airpisre; whoreas iU has canly
a negligible effect on the ccnventionel =irrlane.

In genersl, it can beo expected that the mesan value of the lateral
displacements in disturbed moticn will be o the some magnlitude for a
taillese and & conventicnal airrlane, but the cscilletery meticn cf the
taillese airrlane will be grester and coneiderzbly lees demred. For a
desired degree of maneuverability, the tailless airplane will require
from ope-half to one-third lese directional control then the converticnal
airplans but will be much more sigoificantly affected by swell yawing
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moments such as would result [yom alleron yaw, asyumetry of pocver, con-
etruction, end so forth.

Ameas Aeronsutical Laboyatory,
Netional Advisory Comeitise for Aeranautics,
Moffett Field, Calif., Angust 5, 1945,

AFPENDIX

An investigation of tho latsisl-dynamic moticn of an airplane can te
made by following a mathemavical precedure presented in refergnce 4 and
modified in reference 7. Tals method emplose unit disturbincee, as de-
veloped in Heaviside's overaticual caslculue. The eflects of the unit
disturbancee can be ccmpounded tc xlve moticns reeulting froem eny form of
outsidn disturbance. The unit dlsturvances c.psldered in lateral mction
ere unit accelr:aticms about the X-axils (rolling) end the Z-axis (yawing)
and along the Y-axis (sideslipping).

Each disturtance enfcrces rolling, yawing, and sidesllrping motions.
Thus, to define corpletely the mcticn resulting from an erbitrary dle-
turbance, nine cguetions are rcauired, identical Iin form but with varying
ccnstants. For example, the eyuation for the rolliny velocity » re-
sulting from a unitv yewing acceleraticn N mar be expregeed as

L?_t LE

Pr(t) = Py + IZ‘N,LG!)'J"b + PN, ® + DN ® Mt

t
+ PN @

where M\ 1is a reot of the etability equaticn end PNo» PN3» and sc
forth, are constantes involvirg the roots and airplene charucteristics.

Heaviside's expansircn thecrem forms the generel exprareicn for tioe
nine equations and from it the expreseicns for tue ccnetante, Plg» PN,
and so forth, are fcund.
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B 449
AFS(0)

= PN,» PNa2 -and so forth

The expreasioms F(o) and F'(\) are identical for all the equa-
tions and vary only with the value of the particular root. As show in
reference 7, they may be found by combining the roots as follows:

F(o) = Ajdoham
Fr() = a1 (Aa-d2) (M-ds) (Mi-2e)
F1(A2) = 22(dz-A1) (A2-2a) (A2-24)
FU(A) = i (Aa-ry) (Maha) (Ra-ha)
FU(A) = 2g (Ag-21) (Agha) (Re=ry)

The forms of the exrressions f(o) and f{A) are different for
each variable (p, r, v) &3 Tor aach disturbanes (Y, I, N) and the
values of ths exprassions are Ciife.umt for suclh root. The nine required
equations are lisbed below. Tie valua of f(o) mey te fourd by esubati-

tuting zorn for the value of A, and f(A) ma, be found by substituting
the appropriate values of .
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Disturb- Motion
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g(h - M) - AN
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; 2+ M = ).")
vo

B RP S e . UL SRR
The equations for @ and ¥ pay be easily obtained by integrating
those for p and r. The @ and ¢ thus obtained will be the englee
developed in rotaticn ebout the i- znd Z-axes, re pectively. Dividing
the equation for v by Uy gives very closely, the angle of sideslip B.

Wher the stabllity equaticn yields a pair of cenjugete ccuplex
roote, the necessary computaticns are more easily made if the expreszlcus
involving these rocts ere ccmbined. The excmple previcusly cited then
changes to this form:
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p,(t) * Py, * Py, ux"t + pnaoh"tl-p 2/1% 4+ J° 2% cos bt + f.pn)
wvhere

I+1J’-pNa

a yeal part of the complex root
b ipsginary part of the complex root
tpn phese ghift for the damped oosine curve and equal to
=2 /d
(l/b) tan (i)

To convert the motion of the airplane relative to the air to motion
relative to the ground, .the following equations wero used:

Latersl dlastance X =f[Ug ainV¥ + vy + v cos V]dt
Longitudinal distance Y = f[Us cos ¥ - v sin V] at

where vo 1s the velocity of the airplane as carried with the gust.
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- THE PHYSICAL PROPERTIE3 OF
E AIRPLANES INVESTIGATED

s e ——

| Airplane 2 |Airplane 3 ; Atrplane } |
1 1

|

1800,0 275 | 96
12L.,0 )
261
19.08
656,121 ), 58l
ﬁé?,u‘0-9 1h1=97
.002378 .001189 .001189
26l .5 626 Geb

. 601 $132 £

L1085k . .0232 | L0179

- ,00% -.0108% -.0088

=-,0015 ~-,0012 ~-.0009
000l «0016 0007
11333 02441 .01718

-.00357 | -.010¢ ~-.0002

Z.0050 =.0050
-.0500 -.1257 -.0500
-.0150 -.uis50

-.542 -.515 =52 - il2

-, 0406 i -,0382 -.0058 | -.0045

TABLE III.- THE STABILITY QUARTIC RCOTS, RATES OF DAMPING AND
PERIODS FOR THE AIRFLANE3 CONSIDERED

Airplene 2 Airplane 4
Airplans 3 Case a |Case b |[Case ¢

e
Airplane 1 Casa a |Cans b {Case ¢

0.0060 0.0120{ 0,€053}|-0,0181 { -0.0088 0,0012} -0,0003|-0,005l
15.7h4 7.95 {18.04 5.8 11.95 80.4 32,5 19.6
-3.28E8 -3.93511-3.9350|-3.9383 | -B.0737 -3.8087] -3.6096]~3.8096

21 .18 .18 .09 .18 .18 .18

—.30%0 | o] <.0811] -.1721| -.h710 ~0739] -.1321] -.2434
2.3 5 8.54 ] b.03 1.h7 9.37 6.18 | 2.85

1.2537 | .B3ch] 8189 1;.0335 3.1222| 3.1230| 3.1197

5.02 ; 755 7.67 1.56 2.01 2,01 2.01

8Time for amplitude t ncrease or diminish by one-tenth,
Time for amplitude %o minish by one=half,
Cperied of oscillation,

33




L1959 Os000 2 GENZ - ZFeT TLEGF - [p000  pZoOO Ts050 900 -
Loowwr  Os®0 X 265~  &TEIS IRFT- LyOW IO  Lpefo’ 20/50
ey 05000 % E5HIS T Vel el AUP2T- B Soo80 P05
oonE  exo00 Py seter OPP-  PPO0G OIND KRN0 200"~
FOSFT  FOWOT * ovser- L BT~ $WOO  WOOO LMIO 8050

EPsdr?

7667

Lesy

lo5277

oFNINIEN

LRTES  Lepo0
06964S P00’
WIPE  TETOCD

\nu x\.\ ol 4503

YRS/ E6600 2 LsF2Y *"rzrY- PIIIT - GSEOD" 1000 2o SO0 -
S99/ EOSOO 2 o 1162T 02T  E5E00° IO’ SFLZO 050 - NV Y
WSECO  #L200D L SBUS O L1zes0~ PYIPT- IFIOU0 E/W0D  LL6700 0600 ANV I
o *ﬁ\, *222) 2 “n *“n i) x-ﬂ LG5 M9 g ol
TONVRINLSAT FOF QL 0

q?eeoeocec

pOXTO - L4900 b " ool 19000~  [s95IVD I GOSHSE ASPET  GOSEU" LYICHT OPL/E6I- SENOEY
e~ EMNH PEEee T 10000 - EENNIMISY 3 WORTEP SO IESEC ST TEIM Gl IR TN GIS
gos00’~- O8N - = SriFE ofooy’ V000 - ESTSRERNY | ] TRENN- I0FLT  OOCE0" EHOS0°  SOMSNH ORSOE KA
L 7R R = i 2 oML EFes0 rowe’ PR rE 7 T HHEET  EFS0°  FHOO" BRTIVE- CVRKEEY
Irv6/ - sz’ £ i ONIYE  SOFOEY  Qroco - LOFROSE #? aowog’? OCSIST  ESILIT pee00- @WONES- OPFHLTS
Snis0- oI . %- PEOVYE SORTI  @voor-  BorEtaw 7 PEEN B S06/L1  GIONY IS0~ ORTI WY  SHILOTo
FHes0" b Jadd P 4 SR/FYF  YHEV  A/O00-  THRAV 7 omir e BOBLY SIENT FEOO- T¥SIeR  PETVIO- Fol e
ISEIO-  SpET0 i COFPET  TOSEET JFIOOT- QpeOONMN ] BNEET §- PSOLED 0C0LZO LSOO~ STOFrss  FTULLSHS FNY TS

" Lo Y Yewm M % % W) VM ey

FIVVELSIO DNIMYA QL T

L 2]
(5]

]
=]
<
]
-1

o289 SQI00°  pho00’c 5960 onsT-  FOOT  100C0- SUIMOW D H6FIT i ; W0EST - SEIV B 3, ISV

2+ o 19700  $6000-  spiFS - 6IST- 62000 10006'-  BTVIT P pTIEIEN V. 24 ?  GBIEI Lk~ ECHNILEE .9, ISV

2064s° OO/00°  PEOOO-  pERP0 ISI5T/ @100 CONSIWE 26056/ /- FE9007 7 PZPELLE IO LI O TEVO P TRV
SP/0Y 65D  $/1000- OL¥SO- 2 066Er- ES000" K000  SOPSITE BT, Ee/s@  99000°  I¥SIC  KSHOF/-  WEEE & Iy
OEINE TiBES MO0 GIINY- 2 LEPEI- wrI°  sLEODT  ERILITY JL8Lwry FOTERY 9ITOI  EEEYO  LnEIE-  NITIE .3 FE

$966FE  pos¥/’  WLHOC- EIEEIY SRS -  LEOOV  TSEQO'  pANWL  JESPRRE- v QFOOr SEEOT PTIZE2F OEZIE - 7 5V

Fes8ST  9pp2! 16500 -  pIgO% TEESH FEEO/  LIFODT  0BESSW/ aornsr GICTS  OZOOr  MFEN =77 205 N 713 8 B I 7 INVTIISNV

6F697 10/500  pPLOCU- 6SIHT FNO- E6LYOD PAROCD LITWS 2 TES- SO0 6CTIO /P0EC D FIPrE DL LIESH FZNY ISV

Vi e W (4 % Yz R ¢ n 1 ey e % “
DOIMVGIUSHT WHTTRY Cb 0

o 7eIas ML NVE
NOILOW HO SNOLLVNOT 207 SLNVLISNO?
I F7gv4




NACA TN No. 1154

I

\

-

- -

ARPLANE T ARALANE 4

FIGURE ~ THE RELATIVE SIZES AND FORMS OF
FOUR AIRFLANES INMUESTIGATED
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